ABSTRACT Chronic obstructive pulmonary disease (COPD) is associated with cardiovascular morbidity and mortality. Arterial stiffness and endothelial dysfunction index are validated surrogate cardiovascular markers and are increased in subjects with COPD.
Introduction
Chronic obstructive pulmonary disease (COPD) is among the most common diseases worldwide, and is predicted to become the third most common cause of death by the year 2020 [1] . The disease is characterised by a persistent and largely irreversible airflow limitation, and is associated with a massive local as well as systemic inflammatory response to inhalant pollutants, such as cigarette smoke [2] . Importantly, COPD is characterised by systemic complications that contribute to its morbidity and mortality; indeed, cardiovascular disorders are twice as common in individuals suffering from COPD than in subjects without COPD [3] [4] [5] , and cardiovascular diseases are among the major causes of hospitalisation and mortality in COPD patients [4] . The mechanisms underlying this relationship are still largely unknown, and seem to be independent of smoke exposure and other confounding factors, such as age or degree of airway obstruction [6, 7] . One proposed hypothesis lies in the loss of elasticity of the vascular structures [8] , which eventually results in impaired shear stress and increased risk of atherosclerosis [9] .
Experimental studies have reported that molecular and cellular pathways of inflammation can promote atherosclerosis. Risk factors for atherosclerosis can alter arterial biology, and produce a systemic milieu that favours atherothrombotic events [10] . For example, vascular cell adhesion molecule-1, expressed by cytokine-stimulated endothelial cells, binds inflammatory cells, such as monocytes and T-lymphocytes, that accumulate in the early atherosclerotic plaque. Furthermore, macrophages in atherosclerotic plaque progression express scavenger receptors necessary for the uptake of modified lipoproteins and hence foam-cell formation. The discovery that vascular wall cells themselves can produce cytokines, protein mediators of inflammation and immunity, provides an important insight into the initiation of atherosclerosis [11] . Inflammation regulates aspects of plaque biology that trigger the thrombotic complications of atherosclerosis. Arterial stiffness can be considered as a factor of progression of atherosclerosis and therefore an early marker of cardiovascular disease. Arterial stiffness has been demonstrated to be increased in COPD subjects [6, 7, 12] , suggesting a link between vascular and pulmonary diseases that may explain a proportion of the excess cardiovascular mortality in individuals affected by COPD. Arterial stiffness can be assessed noninvasively by estimation of aortic (carotid-femoral) pulse wave velocity (PWV), which is an established and robust marker of cardiovascular risk [13, 14] and has been associated with increased prevalence of COPD [15] , and reduced lung function [7] . Endothelial dysfunction in peripheral arteries has been evaluated using forearm flow-mediated vasodilation (FMD) [16] . However, this technique offers findings that can vary widely due to technical problems, hence it is not a fully standardised method [17] . KUVIN et al. [18] described a new method to evaluate endothelial dysfunction: reactive hyperaemia peripheral arterial tonometry (RH-PAT), which measures hyperaemic response in a noninvasive way. In the current study, we explored whether cardiovascular risk, as expressed by increased arterial stiffness and endothelial dysfunction, occurs in the early stages of the disease, that is, in symptomatic smokers without signs of bronchial obstruction.
Methods

Subjects
Consecutive subjects referred to the outpatient respiratory clinics of the University of Palermo (Palermo, Italy) for chronic respiratory complaints were recruited if clinically stable. All enrolled patients had a documented history of cigarette smoke exposure (history of ⩾10 pack-years of smoking) and chronic respiratory complaints suggestive of COPD, such as chronic cough, exertional dyspnoea and chronic mucus production. Subjects were excluded if they were receiving long-term oxygen therapy, or had known cardiovascular, metabolic or systemic inflammatory diseases or malignancy, since they could interfere with the outcomes of the current study. Subjects were admitted to the study if their comorbid conditions were judged by the investigators not to influence the cardiovascular risk. None of the subjects were taking systemic anti-inflammatory drugs, such as oral corticosteroids.
The study consisted of two phases. In the first phase, clinical and lung functional assessments were performed in order to ascertain the diagnosis of COPD, according to international recommendations [2] . In the second phase, cardiovascular risk was evaluated. The study was conducted at the Department of Biomedicine and Internal and Specialistic Medicine at the University of Palermo. The study was approved by the local ethics committee, and written informed consent was obtained from each subject.
Clinical and lung function assessments
The clinical evaluation included the recording of respiratory symptoms and physical examination. Chronic respiratory symptoms suggestive of COPD, such as chronic cough, dyspnoea and chronic mucus production were recorded in all patients by means of specific questionnaires. In the present study, the modified Medical Research Council score was used to evaluate the degree of perception of dyspnoea. To comply with the scope of the study, we excluded subjects who reported documented features of cardiovascular and/or metabolic diseases.
Spirometry was performed in all subjects following the American Thoracic Society/European Respiratory Society task force guidelines [19] . Forced expiratory volume in 1 s (FEV1) and forced vital capacity (FVC), as well as forced expiratory flows at 25%, 50% and 75% of FVC were recorded for analysis. Bronchial obstruction was defined as a FEV1/FVC ratio below the lower limit of normal. All spirometric measurements were obtained from a computerised water-sealed spirometer (Biomedin, Padua, Italy), which allowed compliance with criteria for acceptability and reproducibility online. This phase took place in the morning. Subjects were then referred to the Department of Internal Medicine at the University of Palermo to undergo the second phase of the study, which was conducted within the same week.
Cardiovascular risk assessment
Arterial stiffness was investigated using noninvasive tests in a temperature-controlled room, with the subject resting in supine position. The carotid-femoral PWV was measured by specifically trained staff using applanation tonometry (SphygmoCor; AtCor Medical, Sydney, Australia) at the carotid and radial arteries to record the pressure waveforms peripherally. The correlation between PWV and arterial distensibility is based on the calculation of the speed of the propagation of transverse elastic waves. By applying the integral software, the aortic augmentation index (AIx; the quotient of amplification pressure on pulse pressure expressed as a percentage) was calculated. Quality control checks were made for all measurements to discharge measurements in which the onset of the waveform was not clearly identified.
The endothelial dysfunction was evaluated using the EndoPAT 2000 (Itamar Medical, Columbia, SC, USA), which measures the change in brachial artery diameter in response to reactive hyperaemia after an overnight fast. The hyperaemia was induced by deflating a cuff placed around the forearm that had been inflated for 5 min; the reactive hyperaemia response was calculated automatically by the instrument, thus providing the reactive hyperaemia index (RHI), which was recorded for the analysis.
Statistical analysis
The statistical package used was StatView 5.0.1 (Abacus Concept, Berkeley, CA, USA). Data are presented as mean±SD or median (range), depending on whether they were normally distributed. Differences between groups were tested using the t-test or Mann-Whitney U-test, as appropriate. Differences at p-values <0.05 were considered statistically significant.
Results
The study included 48 subjects (male n=37, female n=11; mean age 70±8.4 years); mean systolic blood pressure was 127±13 mmHg and diastolic blood pressure was 81±8 mmHg. 35 individuals were classified as COPD patients (obstructed group), whereas the remaining 13 subjects were experiencing respiratory symptoms, such as exertional dyspnoea and chronic cough, without any spirometric feature of airway obstruction (nonobstructed group). The two groups had comparable ages (71.3±6.7 versus 66±11.3 years), smoke exposure (57±40 versus 75±66 pack-years), number of comorbidities (4.1±2.1 versus 4.3±1.8) and body mass index (28.2±5 versus 28.3±5.3 kg·m −2 ), with p>0.5 in all comparisons. The most frequent comorbidities were depression, osteoporosis, glaucoma and/or cataracts and muscle wasting. By design, lung functional evaluation showed significant differences between the two study groups (table 1) .
When we assessed the cardiovascular risk, no differences between obstructed and nonobstructed subjects were found. In particular, PWV was 14±3.8 m·s −1 and 12±3.2 m·s
, respectively; p=0.10) (figure 1a). Similarly, the aortic AIx was 24.8±9.7% and 25.2±11.8%, respectively ( p=0.89), and RHI was 1.62±1.4 versus 1.66±1.5 ( p=0.79) ( figure 1b and c) . There was no association between age or pack-years of smoking with any marker of cardiovascular risk in either group or the entire study sample ( p>0.05 in all analyses).
Discussion
The findings of the current study confirm and extend the knowledge on the relationship between markers of cardiovascular risk and COPD, by demonstrating that increased arterial stiffness and endothelial dysfunction occur in symptomatic, nonobstructed smokers. The demonstration of higher levels of arterial stiffness and endothelial dysfunction in symptomatic subjects who do not show any sign of airway obstruction, to the same extent as obstructed patients, is novel and deserves some attention. Indeed, it identifies an excess risk for cardiovascular events, even in subjects who have not developed lung function impairment, implying in addition that arterial stiffness is not dependent on the occurrence (and magnitude) of airflow limitation. The current observations carry pathophysiological consequences, in that they allow speculation on the link between pulmonary and cardiovascular diseases. We favour the hypothesis that long-lasting exposure to smoke is the driving factor that initiates the inflammatory process both in the lungs and in the arteries, which in turn promotes the excess cardiovascular risk in chronic respiratory patients.
Patients with COPD have peripheral lung inflammation, and they show increased circulating cytokines, including interleukin (IL)-6, IL-18 and TNF-α, as well as acute-phase proteins, such as C-reactive protein [20] . This low-grade chronic systemic inflammation may explain the increased propensity to cardiovascular, metabolic, bone and neurological diseases. Systemic inflammation in COPD is known to promote atherosclerosis [21] . In this context, arterial stiffness is a useful noninvasive measure of vascular function, and is associated with atheromatous changes in the vascular bed [22] . The viscoelastic properties of the arteries allow propagation of the pulse wave along vessel walls generated from left ventricular ejection. The speed of this wave is directly linked to arterial stiffness. Early studies [23] [24] [25] demonstrated that arterial stiffness is an independent predictor of cardiovascular accidents in other chronic pathological conditions, such as diabetes, renal failure and systemic hypertension. In individuals suffering from COPD, in contrast to healthy age-matched controls, arterial stiffness has been shown to be increased [12] , and to correlate with the degree of airflow limitation [7] . In a cohort of 157 patients with COPD, MCALLISTER et al. [6] found that the extent of arterial stiffness was associated with the severity of emphysema, suggesting similar pathophysiological processes in both the lungs and the vascular tissue. Furthermore, studies using the EndoPAT have shown that the RHI score reflects bioavailability of nitric oxide [26] .
Endothelial dysfunction in peripheral arteries is assessed by forearm flow-mediated vasodilation [16] . However, the results of forearm flow-mediated vasodilation can vary due to technical problems encountered during measurement, and thus it is not standardised among institutions [16] . KUVIN et al.
[18] described a new method to evaluate endothelial dysfunction (RH-PAT). It is a noninvasive, automatic and quantitative clinical test for digital measurement of hyperaemic response. Using this test, the Framingham Heart Study reported RHI as inversely correlated with various cardiovascular risk factors [18] . Impaired RHI is a noninvasive measure of peripheral vascular dysfunction that can identify individuals with acetylcholine-induced vascular dysfunction. Endothelial dysfunction is one of the earliest events in the pathophysiological process leading to atherosclerotic disorders [27] , and contributes to the progression of disease by means of inflammation and thrombosis [28, 29] . The RHI correlates with the measurement of endothelial vasodilator function in the coronary arteries [28] and with brachial FMD [19] .
Patients with a greater degree of cardiovascular disease exhibit a lower score, and values are lower in other conditions associated with impaired endothelial function and risk of cardiovascular disease [30, 31] . Therefore, in our study arterial stiffness and RHI represent two validated surrogate cardiovascular outcomes which depict the cardiovascular risk profile of subjects with pulmonary disease; our findings corroborate the notion that arterial stiffening and endothelial dysfunction develop precociously in COPD subjects independently from clinical and functional severity of lung disease.
The mechanisms responsible for higher arterial stiffness in patients with COPD are largely unknown. The most plausible hypothesis is that, similar to that proposed for other chronic inflammatory conditions [23, 25] , arterial stiffness is related to the state of chronic systemic inflammation that follows local (lung) inflammation as a consequence of "spill over" of the inflammatory process into the systemic circulation [32] . Indeed, fibrinogen levels [33, 34] and C-reactive protein [35, 36] are higher in COPD patients than in control subjects. However, the possibility that systemic inflammation due to causative factors such as smoking exposure eventually affect the airways, thus leading to inflammatory changes that predispose to COPD, cannot be ruled out. An interesting hypothesis is that both impaired lung function and increased arterial stiffness in COPD are due to the increased susceptibility to degradation of connective tissue, as an expression of premature ageing triggered by smoking exposure. Elastolytic activity by means of metalloproteinases is enhanced in emphysema and atherosclerosis: on one hand, elastin degradation leads to loss of alveolar attachments and emphysema [9] ; on the other hand, elastin degradation is associated with increased collagen and thicker arteries [37] .
In the interpretation of the results of the current study, some limitations should be taken into account. First, we did not have access to laboratory tests to rule out the occurrence of metabolic syndrome or other inflammatory diseases. However, we were careful to exclude patients with clear signs and/or symptoms of systemic diseases (comorbidities) that could interfere with the outcomes of the study. Obviously, the possibility of asymptomatic diseases or mild forms of comorbid conditions that may contribute to arterial stiffness cannot be completely excluded. Second, our sample was relatively small and we cannot exclude that the lack of significant differences between the two groups is to be attributed to low statistical power. Therefore, the present findings need confirmation with investigations conducted in larger populations and with a longitudinal design; if they hold true, intensive preventive programmes specifically designed for the early stages of COPD should be strongly advocated. In these patients, smoking cessation, promotion of physical activity and body weight reduction and pharmacological treatment of cardiovascular risk factor such as hypertension, dyslipidaemia and high glucose blood levels are useful strategies to reduce the cardiovascular risk. In conclusion, these observations suggest that systemic complications of COPD occur at the early stages of the disease, and increase with progression of lung function decline, perhaps representing a premature ageing effect.
